I. INTRODUCTION
In the present study, we analyze movement of a landing vehicle in the atmosphere of Mars when the vehicle descends from orbit. For braking in the atmosphere of Mars, special inflatable braking devices are used [1] . The main advantage of such devices is the possibility of their application throughout the course of descent through the atmosphere.
The design of this type landing vehicles, the design assumes the presence of two inflatable braking devices [2] , namely, a primary braking device and an additional braking device. The primary braking device is used for braking in the upper atmosphere, and the additional device is used in the lower layers of the atmosphere [3] , [4] .
The inflatable device has a certain flexibility because of which the forces that deform the inflatable device may arise under the influence of the external environment [5] . Thus, the shape of the inflatable devices may exhibit asymmetry, which can lead to "tipping" moments and cause unstable movement of the vehicle [6] .
The exterior view of the landing vehicle is shown in Fig. 1 .
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In addition, during the motion of such a landing vehicle in the atmosphere of Mars, there are fluctuations in the form of the inflatable braking device. In addition, it is necessary to consider separately the case of resonance. In the first part of the paper, a method is proposed for calculating the motion of a landing vehicle under resonance conditions. In the second part of the paper, calculations are performed using a method based on joint integration of the differential equations of motion and partial differential equations describing the changes in the form of the inflatable braking devices when the landing vehicle moves in the atmosphere. 
II. THEORETICAL PART
The proposed method helps analyze the values of the design parameters and the aerodynamic coefficients based on their degrees of their influence by considering the asymmetry of deviations from the longitudinal axis of the vehicle velocity vector. This method is based on the assumption that the resonance modes of motion are developed rapidly. An example of the calculations performed using for modeling the spatial movement of landing vehicle by using the proposed method is given, which demonstrates the adequacy of the results obtained. An example of the influence of small asymmetries of the landing vehicle designed for the descent into the Martian atmosphere under resonance conditions is given in [5] . The motion of a similar lander is described in [7] .
Thus, we can write:
are the projections of the angular velocity of the landing vehicle on the axes of the related coordinate system. Numerous studies of resonant modes of motion of uncontrolled devices have shown that the development of the resonance regime (maximum deviation of the longitudinal axis of the apparatus from the velocity vector) passes within a short time of the order of several seconds.
Based on this information, we transformed the second and third expressions in (1) by under the following assumptions: (1) the influence of gravity on the dynamic equations of translational motion is negligible; (2) all the aerodynamic coefficients and their derivatives are constant; (3) as quantities of second smallness, the products of angular velocities in the dynamic equations of rotational motion are negligible.
Here, in addition,  n C , which is the derivative of the aerodynamic coefficient of normal force with respect to the angle of attack, is indicated.
After transforming the second and third equations in (1) and considering the aforementioned assumptions, we obtain the following second-order differential equations for the angles of attack and slip:
where  а ,  а -balancing corners of attack and slip due to a small asymmetry of the form , ,
III. MODELING
Influence of inflatable braking device deformation on dynamics of angular motion of landing vehicle with primary inflatable braking device in resonance mode.
Here, we investigate the dynamics of the angular motion of a landing vehicle (LV) with a non-rigid primary inflatable braking device (PIBD) in the second stage of the descent trajectory in the atmosphere of Mars. This phase begins with the intersection of the angular velocity of the longitudinal axis of the landing vehicle and the resonance frequency.
In the calculations for the landing vehicle with undeformed PIBD, even in the absence of small asymmetry at this point, the value of the spatial angle of attack starts to increase.
The presence of small structural asymmetries in the landing vehicle owing to the undeformed PIBD, the spatial angle of attack increased further. The PIBD deforms during descent because it is not rigid by design, and the presence of a transverse load leads to additional asymmetry owing to lateral displacement of the center of mass of inertia and asymmetry of the external form.
In our example, the weight of the flexible PIBD is about ten times smaller than that of the landing vehicle. Therefore, PIBD strain leads to additional lateral displacement of the center of mass, in this way, projections In both cases, the calculation was made considering the effect of small structural asymmetries of the landing vehicle (LV). Analysis of the graphs of the spatial angle of attack showed that the additional effect of deformation in the region of LV descent into the atmosphere of Mars is insignificant. Within 90 s of motion after entry of the LV into the atmosphere, PIBD deformation led to a significant (about two degrees) further increase in the spatial angle of attack.
Consider the graphs (Figs. 4-6) of the spatial angle of attack of subsequent LV motion with PIBD before disclosure. In these graphs, the previously defined small structural asymmetry of LV is considered, when considering the influence of PIBD deformation and additional evaluation asymmetry PIBD external form. 
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The analysis of the graphs of the spatial angle of attack showed that the additional effect of deformation in this region of PIBD descent in the atmosphere of Mars is negligible as well. Only when the value af m = 0.002 for a fixed value of the transverse load, that is, sf q = 100 Pa, PIBD deformation results in a small (about two degrees) further increase in the spatial angle of attack.
The oscillation of LV with PIBD occurs at a high value of velocity head. Therefore, the solid angle of attack induces an increase in the lateral load ( This, in turn, increases the solid angle of attack. During motion of the LV with PIBD in the last stage of descent before disclosure, the additional inflatable braking device (AIBD) value ram decreases greatly. Therefore, even with a large spatial angle of attack, the level of transverse load corresponds to small deformations of the main inflatable braking device (Fig.  7) . Note that the PIBD has sufficient lateral stiffness, so small PIBD deformations during descent into the Martian atmosphere do not cause affect the stability of angular motion of the LV.
Method for calculating parameters of angular motion of LV based on joint integration of differential equations of motion and partial differential equations describing change in shape of inflatable braking device in atmosphere.
To determine the shape of the non-rigid shell inflatable braking device of the LV, we developed a mathematical model of the shell forming the inflatable braking device based on the following assumptions:
-the shell of the inflatable brake device of the landing device is closed, is in excess of internal pressure; -internal pressure is constant; -shell material is isotropic, with an average modulus of elasticity.
The last assumption was made because often in the initial stages of development of a LV with an inflatable braking device, the shell material of the inflatable braking device and its characteristics are unknown.
Displacement of shell and its symmetry axis in the coordinate system was defined as O 1 For the symmetrical conical inflatable braking device and zero angle of attack, the surface pressure distribution is symmetric. The angle of attack disrupts the symmetry of surface pressure distribution of the inflatable braking device. This symmetry is not as dependent on the angle of attack and Mach number.
As an example, Fig. 8 shows graphs of the distribution of pressure on the outer surface of the conical inflatable braking device at different angles of attack.
Asymmetrical pressure distribution over the surface of the inflatable braking device leads to the following scenarios:
-Deformation of the shell of the inflatable braking device;
-Turning of the longitudinal axis of the shell. The outer aerodynamic load distributed on the lateral surface of a conical shell for hypersonic and supersonic flight speeds can be determined using a modified version of Newton's formula:
where, 0 p -pressure coefficient at the point of complete inhibition;
 s -spatial angle of attack; -angle of conical shell inflatable braking device.
At the hyper and supersonic stage of the landing vehicle movement a curvilinear disconnected shock wave arises. In this case, the pressure ratio at the point of complete inhibition can be determined using the direct shock wave theory. In the case of supersonic gas flows at Mach 3 < М   6, direct shock in a gas 388 stream with constant specific heat, the pressure coefficient at full braking is determined by the formula:
where,
, k -ratio of specific heats. At high supersonic and hypersonic speeds (6 < М  < 10) and a constant specific heat ratio, the gas pressure at the point of complete inhibition is determined by the following expression:
At very high Mach numbers М   10, the distribution coefficient of pressure shock waves in a gas flow with variable specific heats is determined considering dissociation and ionization as follows:
where: р 0  -determined from thermodynamic tables or diagrams i-S.
Base pressure is determined using the following relationship:
where: р  -pressure of the incident flow, М  -free-stream Mach number. Given the above assumptions (the shell of the inflatable brake device of the landing device is closed, is in excess of internal pressure; internal pressure is constant; shell material is isotropic, with an average modulus of elasticity) the mathematical model of the shaping of the shell of the inflatable brake device of the descent vehicle under the influence of the oncoming flow included:
The equation for reshaping the symmetry axis of the shell is as follows:
and the equation governing the change in the form of the loose shell inflatable braking device is as follows:
where: u-displacement of the axis of symmetry of the shell element inflatable braking device; w-displacement of shell element inflatable braking device; m п -linear mass of shell inflatable braking device; p o -internal pressure of shell; E-modulus of elasticity; -shell thickness; γ -half angle of conical shell solution The conical shell is broken at "i" layers along the longitudinal axis of the inflation device and along the braking element j at the periphery of each layer. Lateral displacement of the center of mass of the inflatable braking device, due to its deformation, lies in the plane spatial angle of attack, and it is calculated by using the following formula:
Lateral displacement of the center of mass of the lander with a deformed inflatable braking device lies in the plane spatial angle of attack:
Projections of the lateral displacement ̥ f the center of mass due to the deformation of the inflatable braking device on the OY, OZ axes are expressed as follows:
where:  s -angle between the deformed inflatable braking device and plane OYZ; Additional centrifugal inertia caused by deformation of the shell of the inflatable braking device can be determined using the following formula:
x 1 -distance between the centers of mass of the landing vehicle with inflatable braking device before and after deformation.
Projections of the centrifugal inertia caused by deformation of the inflatable braking device on the axes OY, OZ are expressed as follows: The most difficult part is determining the coefficient of aerodynamic moment due to deformation of the inflatable braking device. We introduce the assumption that a balanced movement lander with a deformed inflatable braking device runs from the corner, which almost equals the angle of displacement of the center of mass of the inflatable braking device relative to the mass center of the landing vehicle. Then, the following formula can be used to determine the angle: The dynamics of the angular motion of the lander with an inflatable braking device in each step of integration of the equations of motion of the landing gear performed using the fourth-order Runge-Kutta method was determined considering the additional asymmetries due to deformation of the shell inflatable braking device. Integration of the changes in the position of the symmetry axis of the shell inflatable braking device lander (5) was carried out using the FDTD method with a three-layer explicit difference scheme. For integration of the equation of changes in form of the loose shell inflatable braking device (6), the finite-difference method of variable directions with the longitudinal-transverse scheme was used.
In each integration step, the magnitude of resonance angular velocity was computed: Consider in more detail the moment of possible manifestation of the resonance effect (Fig. 9) . At Fig. 10 shows a graph of the changes in the spatial angle of attack in the presence of complex structural asymmetries. We see that at the moment of passage, the resonance value of the spatial angle of attack increases instead of decreasing. However, owing to static stability of the landing vehicle, the spatial angle of attack decreased gradually. Fig. 11 shows a graph of the changes in the spatial angle of attack in the presence of complex structural asymmetries without any influence of the stiffness of the inflatable braking device. Until the moment of resonance, the graph of the spatial angle of attack is the same as the previous one (Fig. 10) . Then, with increasing speed and pressure, the lateral load begins to affect the non-rigid inflatable braking device.
This leads to a further increase in the magnitude of the spatial angle of attack. After passage of the maximum dynamic pressure (t = 80 s), the value of the spatial angle of attack begins to decrease. Note that depending on the rigidity of the second inflatable braking device, the increase in the spatial angle of attack can be considerable, at low level of rigidity of the inflatable braking device, this can lead to loss of stability of the descent vehicle movement. -Influence of the non-rigid inflatable braking device on the value of the spatial angle of attack depends on the dynamic pressure, initial values of spatial angle of attack, and lateral stiffness parameters of inflatable braking device;
2. Owing to deformation of the inflatable braking device, asymmetry has an alternating character in the projections on the axis of the related coordinate system. The external shape of the inflatable braking device, which produces a drag coefficient of transverse moment at zero angle of attack, has the greatest impact on the value of the spatial asymmetry of the angle of attack.
3. Analysis of the additional small asymmetries of a landing vehicle with the main inflatable braking device and an additional inflatable braking device showed that the maximum lateral displacement of the center of mass and relative centrifugal moments of inertia did not exceed one-thousandth unnit. This is because of the small mass of the inflatable braking device relative to that of the machine. Therefore, these asymmetries do not affect the dynamics of angular motion of a small weather station.
Asymmetry of the external shape of the inflatable braking device due to deformation led to a significant value of the coefficient of aerodynamic asymmetry. This, in turn, caused changes in the dynamics of the angular motion of a small weather station.
4. The proposed method for studying the influence of the deformation of the inflatable braking device on the dynamics of the angular motion of a space lander allows one to determine in the design stage the required lateral rigidity of the inflatable braking device to ensure stable movement of space landers during descent into the Martian atmosphere.
